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The sequences in the 5-nontranslated region (NTR) of Potato virus X (PVX) genomic RNA were previously reported to
contain several regulatory elements that are required for genomic and subgenomic RNA accumulation. To investigate
whether cellular proteins bind to these elements, we conducted electrophoretic mobility shift assays (EMSA) with protoplast
protein extracts and RNA sequences from the PVX 5-NTR. These analyses showed that the 5 region of PVX positive-strand
RNA formed complexes with cellular proteins. UV cross-linking studies of complexes formed with various deletions of the
PVX RNA indicated that a 54-kDa cellular protein (p54) was bound to nt 1–46 at the 5 terminus of PVX RNA. Site-directed
mutations introduced within this 46-nt region further indicated that an ACCA sequence element located at nt 10–13 was
important for optimal binding. In addition, mutations that decreased the affinity of the template RNA for the cellular factorINTRODUCTION
RNA–protein interactions play a key role in an enor-
mous variety of important biological processes. Recent
studies with other plus-strand RNA viruses have charac-
terized several cellular proteins that bind specifically to
viral RNA and play a key role in viral RNA replication (for
a review, see Lai, 1998). Cellular proteins that specifically
bind to other regulatory sequence elements were ob-
served for other viral systems (Blackwell and Brinton,
1995; Furuya and Lai, 1993; Ito and Lai, 1997; Shi et al.,
1996; Zhang and Lai, 1995). One of the cellular proteins
that bind to negative-strand leader and intergenic (IG)
sequence of Mouse hepatitis virus (MHV) RNA have
been characterized as heterogeneous nuclear ribonu-
cleoprotein (hnRNP) A1, a protein involved in alterna-
tive splicing of cellular RNAs (Li et al., 1997). Wang and
Zhang (1999) showed that coronavirus N protein inter-
acts with an hnRNP A1 and transcription complex, sug-
gesting that both cellular protein hnRNP A1 and viral
protein N are components of the MHV RNA replication
and transcription. Diez et al. (2000) showed that an early
template selection step is required for efficient BMV RNA
replication requires Lsm1p, a yeast protein related to
core RNA splicing factors. They suggested that Lsm1p
facilitates the effective interaction of some factors with
nonpolyadenylated RNAs and the transition of mRNA
from translation to a new fate.305Potato virus X (PVX), the type member of the Potexvirus
group, is a flexuous rod-shaped, single-stranded, plus-
stranded RNA virus with an RNA genome of 6.4 kb
(Bercks, 1970; Hiebert and Dougherty, 1988). The PVX
genome, which is capped and polyadenylated, consists
of an 84 nucleotide (nt) 5-nontranslated region (NTR),
five open reading frames (ORFs), and a 72-nt 3-NTR (Fig.
1A) (Bercks, 1970; Huisman et al., 1988; Skryabin et al.,
1988). ORFs1–5 encode viral RNA-dependent RNA poly-
merase (RdRp), three polypeptides involved in virus
movement that are encoded by a triple gene block (TB),
and the coat protein (CP), respectively (Baulcombe et al.,
1995; Chapman et al., 1992). During PVX infection, two
major sub-genomic RNAs (sgRNAs) are used to express
triple ORF2 and CP, respectively, while ORF3 and ORF4
of the TB are expressed from a third, less-abundant
sgRNA (Morozov et al., 1991; Verchot et al., 1998). We
have previously shown that multiple sequence and struc-
tural elements in the 5-NTR of the PVX RNA affect both
gRNA and sgRNA accumulation (Kim and Hemenway,
1996; Miller et al., 1998).
Conserved octanucleotide sequence elements lo-
cated upstream of the two major sgRNAs and sequences
in the 5 terminus (or 3 terminus of minus-strand RNA)
are complementary, and interactions between these el-
ements were suggested to be important for both
genomic and sg plus-strand RNA accumulation (Kim and
Hemenway, 1999). However, the protein composition of
the transcription or replication machineries for PVX RNAdecreased PVX plus-strand RNA accumulation in protoplas
replication by binding to the 5 terminus of the viral genom
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genome, is involved in both of these processes. It is also
likely that the binding of cellular proteins with the PVX
regulatory sequences and/or RdRp may also be involved
in regulating PVX replication. Binding of host proteins (28
and 32 kDa) to 3 region of PVX RNA and their possible
role in RNA replication has been reported by Sriskanda
et al. (1996). Furthermore, they found that an 8-nt U-rich
motif important for ()-strand RNA accumulation within
the PVX 3-NTR was required for binding and PVX repli-
cation by deletion mapping and site-directed mutations.
The regulation of viral RNA replication or transcription
may involve several cellular proteins that specifically
recognize either terminal elements and/or sequences
elsewhere in the genome.
In this study, we used electrophoretic mobility shift
assay (EMSA) and UV cross-linking studies to investi-
gate binding of cellular proteins to the 5 end of PVX
RNA. We found that a 54-kDa cellular protein (p54) binds
to sequences in the 5 region of the PVX genome and
that the minimal binding sequences are within the 5
proximal 46 nucleotides of the PVX RNA genome. The
functional significance of the sequences involved in the
cellular protein binding was assayed by inoculating tran-
scripts containing mutations into Nicotiana tabacum pro-
toplasts. The minimal binding region correlated with se-
quences important for plus-strand RNA accumulation in
protoplasts.
RESULTS AND DISCUSSION
The 5 203 nt of the PVX genome were previously deter-
mined to contain at least two well-defined stem-loop struc-
tures, SL1 (nt 32–105) and SL2 (nt 143–183), based on
computer-predicted folding and solution-structure probing
(Fig. 1B) (Miller et al., 1998). Detailed functional analyses of
SL1 in tobacco protoplasts and plants indicated further that
upper region of SL1 (nt 43–96) is important for viral plus-
strand RNA accumulation. Although the 5 31 nt are pre-
dicted to be unstructured, sequence elements in this region
have also been to be important for PVX accumulation (Kim
and Hemenway, 1996, 1999).
Complexes form between cellular proteins and the 5
region of PVX RNA
To determine whether proteins bind to regulatory ele-
ments in the 5 region of the PVX genome, we carried out
EMSA of RNA probes derived from the 5 end of PVX RNA
in the presence of protoplast S100 extracts. Several RNA
probes were generated by in vitro transcription of the
cDNA construct, p13, which contains the 5 258 nt of the
PVX genome. The RNA transcripts generated from p13
digested with BsiWI are referred to as PVX 5 1–203()
that contains the 5 203 nt. The results showed that
distinct RNA–protein complexes showing slower electro-
phoretic mobility were formed between PVX 5 203()
and the NT-1 cell extracts (Fig. 2B). In contrast, the
nonspecific vector sequence transcribed from plasmid
pGEM3zf() digested with PvuII did not bind to S100
extracts (Fig. 2A). No obvious differences were observed
in the number of or the electrophoretic mobilities of the
RNA–protein complexes that formed with extracts from
uninfected or PVX RNA-infected NT-1 cells at 24 h post-
inoculation (hpi, data not shown). The major RNA-binding
proteins are cellular in origin and their binding to PVX
RNA does not seem to require viral factors.
Nucleotides located near the 5 end of plus-strand
RNA are important for long-distance RNA–RNA interac-
tions necessary for synthesis of genomic and sub-
genomic plus-strand RNAs (Kim and Hemenway, 1999).
The stem-loop (SL1) located downstream of single-
strand region at the 5 end of the PVX genome are
required for PVX RNA accumulation in protoplasts (Miller
et al., 1998). It is possible that two different regions, i.e.,
single-stranded region at the 5 end and RNA stem-loop
structures, may be involved in and/or necessary for pro-
tein binding during replication. To identify the role of
these regions, a 5 nested set of transcripts was gener-
ated for binding reactions (Table 1). The 46-nt RNA,
1–46(), contains mostly single-stranded region, while
203 and 109 nt RNAs are predicted to contain stable
stem-loop structures downstream of the single-stranded
region (Miller et al., 1998). All RNA transcripts generated
shifted complexes when incubated with the NT-1 extract
in EMSA, with the abundance of the shifted complexes
FIG. 1. Schematic diagram of the PVX genome organization and RNA
probes generated from PVX cDNA clones. In (A), five open reading
frames are depicted as open boxes and two predominant subgenomic
RNAs are as bold arrowed lines. In (B), RNA stem-loop structures
present in the 5 end of the genome (Miller et al., 1998) are depicted.
The length of RNA probes used for cellular protein binding and their
locations are noted as arrows and numbers.
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decreasing with more extensive 3 deletions (Fig. 2).
Though the level of binding activity was reduced using
46 nt of RNA probe compared to that of using 203-nt
RNA, 46 nt of PVX plus-strand RNA still showed shifted
bands (Figs. 2B and 2D). This result demonstrates that
the 5 end 46 nt of PVX plus-strand RNA contains binding
domains for cellular proteins. RNA transcript containing
SL1 structure also revealed binding activity to the host
extracts (Fig. 2F). This result indicates that there possibly
are two different binding sites for host protein(s). Alto-
gether, RNA transcripts containing sequences at the PVX
5 end were capable of forming RNA–protein complexes
with cellular protein.
Competition analyses were used to evaluate the speci-
ficity of host protein binding to PVX 5-NTR RNA. Unlabeled
PVX 5 46() RNA, plasmid pBS() DNA, Escherichia coli
tRNA, poly(I)–poly(C), or the 3 end of PVX RNA (nt 6303–
6453) were used as competitors. When increasing amounts
of the unlabeled PVX 5 46() RNA were incubated with the
NT-1 cell extracts prior to the addition of the 32P-labeled PVX
5 46() RNA, formation of RNA–protein complexes was
proportionally decreased (Figs. 3B and 3C). In contrast, no
inhibition of the complex formations were detected when E.
coli tRNA, poly(I)–poly(C), PVX cDNA, or 3 terminus of PVX
RNA were used as a competitor (Fig. 3D). These results
showed that nonhomologous competitors were unable to
compete for binding to cellular proteins with the PVX 5-
NTR RNA probe even at 250-fold molar excess (Fig. 3D),
whereas the homologous competitor significantly reduced
the formation of RNA–protein complexes at 50-fold molar
excess (Fig. 3B). The specificity of UV cross-linking of
1–46() RNA to p54 was further examined by using poly(rC)
RNA as a nonspecific competitor. As shown in Fig. 3E, use
of 25-fold molar excess of poly(rC) did not seem to affect the
binding of p54 to 1–46() RNA, while competition with
nonradiolabeled 1–46() RNA significantly decreased the
amount of cross-linked p54. These results indicate that the
interaction between cellular proteins and PVX 5-NTR RNA
is specific.
A 54-kDa protein binds to 5 region of PVX RNA
between nt 8 and 46
Since our goal is to identify cell proteins that bind
specifically to the 5 end of PVX RNA, extracts from
uninfected NT-1 cells were used for UV cross-linking
studies. 32P-labeled RNA transcripts were generated us-
ing MunI linearized PVX infectious clone, pMON8453
FIG. 2. Electrophoretic mobility shift assay (EMSA) of RNA-cellular protein complexes. RNA–cellular protein complexes were separated on 4%
non-denaturing polyacrylamide gel. 32P-labeled transcripts corresponding to 1–203(), 1–109(), 1–46(), 1–42(), and 30–109() nt of the PVX
genome were each mixed with 2.5, 5, and 10 g of NT-1 S100 extracts (Lanes 1, 2, and 3, respectively). In Lane R, no S100 extract was added. Plasmid
RNA transcripts (pRNA) were generated from pGEM3zf() digested with PvuII and used for negative EMSA control. Arrows indicate position of
RNA–cellular protein complexes.
TABLE 1
List of Oligonucleotides Used for DNA Amplification for RNA Transcription
Name Position in PVX Sequencea Polarityb
T7/U1() 1–20 TAATACGACTCACTATAGAAAACTAAACCATACACCA 
D42() 42–23 GTGGTGGGTTTGGTTGTGTT 
T7/USL1() 32–51 TAATACGACTCACTATAAAACCCACCACGCCCAATTG 
DSL1() 109–90 GGTAAACCTCGCGCACTTTG 
a Underlined sequences are T7 promoter sequences and thus not from PVX.
b () polarity refers to homology with plus-strand PVX RNA.
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(Hemenway et al., 1990). Labeled transcripts containing
nt 1 to 46 of the positive-strand PVX RNA were gel
purified and incubated with S100 NT-1 cell extracts as
described for EMSA. RNA–protein complexes were then
exposed to UV irradiation, treated with RNase A, and
analyzed by 12% SDS–PAGE. One major RNA–protein
complex was detected with apparent molecular mass of
approximately 54 kDa by autoradiography (band marked
by an arrow in Fig. 3B). Although we do not know the
molecular mass of the protein, we shall name it p54. No
band was detected when NT-1 S100 extracts were pre-
incubated with proteinase K before RNA–protein binding
or prior to SDS–PAGE (data not shown). These results
indicate that the RNA-binding activity was due to a pro-
tein in NT-1 S100 extracts.
To define the sequences within the 5 terminal 46 nt
required to bind p54, transcripts lacking the 5 eight,
seventeen, and twenty-three nucleotides (8, 17, and
23, respectively; Fig. 4A) were used as probes in UV
cross-linking studies. Only 8 mutant showed the wild-
type level of RNA-binding activity (Fig. 4C, lane 8). In
contrast, deletions of 17 (17) and 23 (23) completely
abolished p54 binding (Fig. 4C, lanes 17 and 23).
These results indicated that the nucleotides located be-
tween 8 and 17 at the 5 end of PVX plus-strand RNA
were crucial for the binding of p54.
A concern in experiments utilizing the 5 203 nt of PVX
RNA as a probe for EMSA and UV cross-linking study is
that the RNA secondary structures present in this region
contribute to the binding of p54. Since the intensity of the
shifted bands obtained from using 5 end 46 nt as probe
for gel-retardation assay appears to be lower than that
obtained from using 5 end 203 nt containing SL1 and
SL2 (Fig. 2), it may be that RNA structure also contributes
to cellular protein binding. When we used unlabeled RNA
corresponding only to secondary structure (nt 30–109) as
a competitor for p54 binding with the 5 end (nt 1–42)
RNA probe, it did not reduced p54 binding in UV cross-
linking assay (data not shown). These results suggest
that there may be some other cellular protein(s) that
binds to RNA secondary structure. It is also possible that
the presence of the RNA stem-loop structure(s) cooper-
atively enhances binding of p54 to the 5 end of the PVX
genome.
Our previous data suggested that the sequences lo-
cated at the 5 end of the RNA and upstream of each
sgRNAs (or the minus-strand RNA sequences at the
same regions) regulate PVX replication (Kim and Hemen-
FIG. 3. Binding and competition assay of 1–46() RNA probe and cellular protein complex. (A) Increasing amounts of NT-1 S100 extracts (1 to 20
g; indicated as numbers on top panel) were mixed with 1–46() RNA probe. (B and C) UV cross-linking and EMSA studies, respectively, of
32P-labeled 1–46() RNA and S100 NT-1 extracts that were preincubated with unlabeled 1–46() RNA in indicated molar excess, relative to labeled
RNA probe. Gel mobility-shift competition with unlabeled nonspecific competitors is shown in (D). Unlabeled plasmid PVX cDNA, E. coli tRNA,
poly(I)–poly(C), or 3-terminus of PVX RNA were used as nonspecific competitor. Two hundred fifty fold molar excess of each indicated nonspecific
competitor was added to the binding reaction prior to the addition of 32P-labeled 1–46() RNA probe. Competition assay for cross-linking of p54 and
1–46() by poly(rC) polymer and 1–46() RNA (E). Twenty-five-fold molar excess over the radiolabeled probe was used. Arrow indicates ca. 54-kDa
cellular protein bound to the PVX 5-terminal sequence.
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way, 1996, 1997). Nucleotide sequences in these regions
are involved in RNA–RNA long-distance interaction that
is required for the accumulation of PVX sgRNA (Kim and
Hemenway, 1999). It remains to be determined whether
p54 also recognizes potential sgRNA promoters. Com-
petition studies with the 3 end of minus-strand RNA did
not inhibit p54 binding to the plus-strand RNA, suggest-
ing that the p54 only binds to the 5 end of plus-strand
RNA (Fig. 3C). Sriskanda et al. (1996) showed that two
different cellular proteins, p32 and p28, bind to the 3 end
of the PVX genomic RNA and that an 8-nt U-rich se-
quence (UAUUUUCU) within the 3-NTR is required for
binding. They also showed that mutations introduced in
nt 2–6 of this sequence affected both the binding of
cellular proteins and the virus replication. We did not
detect other cellular proteins that specifically bind to the
5 46 nt of PVX genomic RNA using our binding protocol.
It is possible that different cellular proteins recognize
and bind PVX regulatory elements located at the PVX 5
and 3 ends, and elsewhere on PVX RNAs for virus
replication.
Mutations in the ACCA sequence at nt 10–13 of PVX
RNA affect binding of a 54-kDa protein in vitro and
RNA accumulation in protoplasts
We have previously reported that the nucleotide se-
quences located between nt 8 and 13, possibly ACCA
element located at the nt 10 to nt 13, are required for PVX
plus-strand RNA synthesis in protoplasts (Kim and
Hemenway, 1996). Site-directed mutations were intro-
duced to the ACCA sequence element and the resultant
RNA transcripts generated by usingMunI linearized tem-
plates were used for gel mobility shift and UV cross-
linking assays. Five cDNA constructs changing nt 10–13
ACCA into AAAA, ATTA, GGGG, TGGT, and TTTT were
generated and used to synthesize mutated RNA probes
after MunI linearization (Fig. 4B). These four mutated
RNA transcripts, together with wild-type RNA transcripts,
were used in UV cross-linking assays to investigate
effects on p54 binding. When transcripts from the mutant
(10–13)GGGG were used in binding and UV cross-linking
assays, the band intensity of the cross-linked protein p54
was 86.2% compared with that of (10–13)ACCA RNA. In
contrast, only 5.2% cross-linked p54 was detected when
mutant transcripts (10–13)AAAA were used (Fig. 4D). In
addition, the intensity of the cross-linked p54 band was
significantly lower than that of wild-type when mutant
transcripts (10–13)AUUA (41.4%), (10–13)UGGU (50%), and
(10–13)UUUU (63.8%) were used. In this regard, it is
worth noting that the removal of the two C residues in
1–46() RNA affected the signal strength since it re-
duces the efficiency of -32P-CTP incorporation of about
10%. Therefore, we accordingly corrected the intensity of
cross-linked p54 for each site-directed mutant. Alto-
gether, these results demonstrated the ACCA sequence
located at nt 10–13 seems to be important for the inter-
action between the cellular protein p54 and the 5 end of
PVX plus-strand RNA.
To examine the biological importance of the p54 bind-
ing to the 5 end of PVX plus-strand RNA, (10–13)AAAA,
(10–13)AUUA, (10–13)GGGG, (10–13)UGGU, and (10–13)-
UUUU were reconstructed into a full-length infectious
clone, pMON8453 (Hemenway et al., 1990). Full-length
infectious transcripts from each mutant as well as from
wild-type clone were inoculated onto N. tabacum NT-1
protoplasts as described previously (Kim and Hemen-
way, 1996). Inoculated cells were harvested at 24 hpi and
total RNAs isolated from each inoculated cells were
used to determine the effects of introduced mutations on
PVX RNA replication as described previously (Kim and
Hemenway, 1996). The results showed correlation be-
tween the level of p54 binding and PVX replication as
summarized in Table 2. The nucleotide changes in nt
10–13 ACCA into AAAA had a deleterious effect on PVX
plus-strand RNA accumulation (Table 2). Similarly, mu-
tants (10–13)AUUA and (10–13)UUUU significantly re-
duced PVX plus-strand RNA accumulation in inoculated
FIG. 4. Effects of mutations introduced into nt 1–46 of PVX genomic
RNA on cellular protein binding. (A and B) Schematic representation of
deletions and site-directed mutations made in nt 1–46 of the genomic
RNA. Deletions from the 5 end are indicated with dotted lines (A).
Site-directed mutations in the nt 10–13(ACCA) are noted in comparison
with the wild-type sequences. (C and D) UV cross-linking assay with
the PVX deletion and site-directed mutants, respectively. The experi-
ments were carried out with 32P-labeled RNA probes transcribed from
MunI-linearized cDNA templates and S100 cellular extracts. Arrow
indicates the 54-kDa band.
309CELLULAR PROTEIN BINDS TO 5 REGION OF PVX RNA
NT-1 protoplasts, while no deleterious effect was evident
from the mutant GGGG-inoculated cells. Though muta-
tions introduced onto nucleotide 10–13 affected the
genomic plus-strand RNA accumulation, there were no
significant changes in genomic minus-strand RNA accu-
mulation (Table 2). These results suggest that the p54
protein binding to the 5 end of PVX RNA may be involved
in the accumulation of PVX plus-strand RNA.
Although interaction between the 5 end of PVX RNA
and p54 has been clarified, we could not confirm, how-
ever, that effects of site-directed mutations to 10–13
ACCA on virus replication were resulted from the change
on plus-strand RNA. Alternatively, reduced virus replica-
tion may be caused by the change introduced on minus-
strand of viral RNA at the same region (3 end of minus-
strand RNA). Since the binding of the cellular protein to
the 5 end of the plus-strand RNA and virus replication on
inoculated protoplasts were closely co-related, it is
tempting to speculate that essentiality of sequences on
5 end of plus-strand RNA is in part due to the binding of
the cellular protein.
Though observations reported in this study suggested
the involvement of a p54 in the specific recognition of the
5 end of the PVX genome, the identity and function of
this cellular protein is still not clear. Such viral RNA–
cellular protein interactions have been reported for sev-
eral plus-strand RNA viruses (Blackwell and Brinton,
1995, 1997; Diez et al., 2000; Duggal and Hall, 1995;
Gamarnik and Andino, 1998, 2000; Ishikawa et al., 1997;
Ito and Lai, 1997; Lai, 1997; Li et al., 1997; Roehl and
Semler, 1995; Strauss and Strauss, 1999; Yen et al., 1995;
Zhang and Lai, 1995; Zhang et al., 1999b). Viral RNA–
cellular protein interaction may be involved during the
course of virus replication to exploit the functional viral
replicase complex to the target RNA template. Since it
has been reported that RNA–RNA long-distance interac-
tion is involved in PVX plus-strand RNA accumulation
and in replication of other plant viruses (Kim and Hemen-
way, 1999; Sit et al., 1998; Zhang et al., 1999a), it is worth
noting that p54 cellular protein binding to the 5 end may
also be involved in targeting viral replicase complex and
RNA to correct cellular locations. Future experiments will
involve characterization of the p54 interaction with PVX
RNA and/or with viral and other cellular proteins.
MATERIALS AND METHODS
Plasmid construction and RNA transcription
The construct, p13, was generated by digestion of the
parent plasmid, pMON 8453 (Hemenway et al., 1990)
with XbaI to remove most of PVX sequence. The re-
ligated plasmid (p13) contained only the 5 258 nt of PVX
genome downstream of the bacteriophage T7 promoter.
This plasmid was then linearized with BsiWI and MunI
before being used as a template for in vitro synthesis of
positive-strand RNAs containing 203 and 46 nucleotides
of PVX 5 end, respectively (Fig. 1). RNA probes contain-
ing nt 1–42, 1–109, and 30–109 of the 5 end were
generated by in vitro transcription using DNA templates
amplified by PCR using specific oligonucleotide primers
(Table 1) (Chapman et al., 1998). For synthesis of a
nonspecific competitor, plasmid pGEM3Zf() (Promega)
linearized with PvuII was used to generate 268-nt RNA
containing cloning sites and internal vector sequences.
The cDNA clone p10, which represent the 3 150-nt of the
PVX genome, was used for generating viral competitor
RNA. Mutations were introduced into the p13 for binding
assay and into the pMON 8453 (for protoplast inocula-
tion) using the muta-Gene In Vitro Mutagenesis kit (Bio-
Rad). Radiolabeled 32P-RNA probes were obtained by
transcription in the presence of 50 Ci of -32P-CTP
(3000 Ci/mmol; Amersham), 12.5 M CTP, and 500 M
each of ATP, GTP, and UTP using mutated p13 clones
linearized with MunI and subsequently gel purified as
described by Shi et al. (1996). Unlabeled RNAs were
prepared as described previously (Kim and Hemenway,
1996).
Preparation of plant cell extracts
N. tabacum cv. Samsun suspension cell (NT-1) proto-
plasts were prepared as described previously (Kim and
Hemenway, 1997) and subsequently used for inoculation
experiments or as sources of S100 protein extracts. Pro-
toplasts inoculated with either PVX RNA or buffer (Kim
and Hemenway, 1997) were incubated for 24 h and pro-
cessed as described by Sriskanda et al. (1996) with
some modifications. Briefly, inoculated cells (1  107)
TABLE 2
Plus- and Minus-Strand RNA Accumulation in NT-1 Protoplasts
Construct
Relative RNA levels (%)a
UV cross-linkinge()b ()c
1–46() 100.0 0.0 100.0 100.0
p32 0.0 103.2 —
(10–13)AAAA 5.3 5.3d 104.2 5.2
(10–13)AUUA 54.5 1.4d 108.9 41.4
(10–13)GGGG 88.9 12.5 115.7 86.2
(10–13)UGGU 84.8 17.5 108.4 50.0
(10–13)UUUU 42.9 7.9d 113.1 63.8
a RNA accumulation was determined by S1 nuclease protection
analysis. RNA levels were measured with a Molecular Dynamics Phos-
phoimager.
b Each value is the mean compared to that of wild-type and standard
error compiled from at least three independent experiments.
c Accumulation of genomic ()-strand RNA was measured once
since it was not affected by any mutations introduced at 5 NTR as
reported previously (Kim and Hemenway, 1996, 1999; Miller et al., 1998).
d The value is significantly different (T  0.05) from the wild-type.
e Each values is the mean of cross-linked p54 compared to that of
1–46() measured using a Molecular Dynamics Phosphoimager.
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were pelleted by centrifugation at 640 rpm for 5 min at 4°C,
resuspended in 1 ml of an ice-cold buffer A (10 mM N-2-
hydroxyethylpiperazine-N-ethanesulfonic acid (HEPES,
pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), 2.5 g leupeptine,
and 20% glycerol), vortexed for 30 s, and incubated at
4°C for 15 min. The cell lysates were centrifuged for 15
min at 4500 rpm, and the supernatant was mixed with
0.11 vol of buffer B (100 mM HEPES, pH 7.9, 30 mM 1.5
mM MgCl2, 250 mM KCl) prior to centrifugation at
100,000 g for 45 min at 4°C. The resulting supernatants
(S-100) were aliquoted, frozen on liquid nitrogen, and
stored at 70°C. The total protein concentration of each
extract was determined by Bradford analysis (Bio-Rad).
Cell extracts were stable for 8–10 weeks.
Electrophoretic mobility shift assays
The EMSA experiments were carried out as described
by Sriskanda et al. (1996), with slight modifications. Uni-
formly labeled RNA transcripts (10,000 cpm, specific ac-
tivity 5  107 cpm/g) were incubated with 1 g of
S100 cytoplasmic extracts on ice in a final volume of 10
l binding buffer containing 5 mM HEPES (pH 7.9), 2 mM
MgCl2, 25 mM KCl, 5 mM DTT, 0.2 mM PMSF, 3.8%
glycerol, 1 unit RNasin, and 1 g of poly(I)–poly(C). For
competition experiments, various amounts of unlabeled
RNA and DNA were added to the reaction mixture 10 min
prior to or simultaneously with the addition of labeled
probe and incubated on ice for 10 min. The reaction
mixtures were mixed with 0.2 vol of 5 loading buffer
(50% glycerol, 0.05% bromphenol blue) and analyzed on a
4% non-denaturing polyacrylamide gels made in 0.5
TBE–5% glycerol (run at 120 V for 30 min). Samples were
then electrophoresed at 120 V (4°C) for 4 h. The relative
densities of bands corresponding to RNA–protein com-
plexes were determined by using ImageQuant software
on a PhosphorImager (Molecular Dynamics).
UV cross-linking of RNA–protein complex
For cross-linking studies, the RNA–protein binding re-
actions were incubated in microtiter plates and subse-
quently irradiated with a hand-held UV lamp (Fisher Sci-
entific) on ice (254 nm, 1 cm distance) for 15 min. Non-
cross-linked RNAs were removed from samples by
incubation with RNase A (1 mg/ml) at 37°C for 30 min.
Proteins cross-linked to radioactive RNA fragments were
analyzed by electrophoresis on a 12% polyacrylamide gel
containing 0.1% SDS. The intensities of labeled proteins
were determined for experiments with (10–13)ACCA mu-
tants by using ImageQuant software on a Phosphor-
Imager (Molecular Dynamics).
Analysis of RNA accumulation in protoplasts
Protoplasts from NT-1 cells were prepared and inoc-
ulated with 5 g of transcripts as described previously
(Kim and Hemenway, 1997). Protoplasts were incubated
with transcripts derived from a wild-type PVX clone
(pMON8453), a replicative defective clone (p32), or mu-
tant versions of pMON8453. Total RNA was isolated from
inoculated protoplasts using Trizol reagent (Life Technol-
ogies) at 48 hpi. S1 nuclease protection assays were
used to measure accumulation of minus- and plus-strand
PVX RNAs, as previously described (Kim and Hemenway,
1996, 1997). Relative molar amounts of PVX RNAs for at
least three separate experiments were determined by
using Image Quant software on a Molecular Dynamics
Phosphoimager. These data were compared using Stu-
dent’s t tests and differences were considered significant
if within a confidence interval of 95%.
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